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 &KHPLFDOUHDFWLRQV
7KHVLOLFRQZDIHUXQGHUJRHVFKHPLFDOUHDFWLRQDVVKRZQLQ (TXDWLRQ 3UDNDVKDQG7XOL 
6LQFH KROH LVPDFKLQHG LQPLFUR UDQJH VPDOO DUHD VXURXQGLQJ WKH KROH XQGHUJRHV FKHPLFDO HWFKLQJ XQGHU WKH
LQIOXQFHRIKLJKWHPHSHUDWXUHGLVFKDUJHVSDUN7KH055LVPDLQO\GXHWRVSDUNHURVVLRQDQG HWFKLQJRIPDWHULDOVLV
LQLWLDWHGGXH WRKLJK WHPSHUDWXUHJHQHUDWHG LQ VSDUN0HOWLQJ DQGYDSRXULVDWLRQRI WKHPDWHULDO WDNHVSODFH DORQJ
ZLWKHWFKLQJDW WKHVXUIDFHOHYHORIWKHPDWHULDO
5HVXOWVDQG GLVFXVVLRQ
 *UH\UHODWLRQDODQDO\VLV
9DULRXVSURFHVV SDUDPHWHUVWDNHQLQWKHVWXG\DUHRSWLPVHGXVLQJ*UH\5HODWLRQDO$QDO\VLV*5$ 7KHUHSRQVHV
WDNHQIRUWKHVWXG\DUH 055 '2&DQG+$=6LQFHPD[LPXPP055ZLWKPLQLPXP '2& DQG+$=LVUHTXLUHG
PXOWLREMHFWLYHRSWLPLVDWLRQZLWK*5$ LV WDNHQ IRU WKHSUHVHQW VWXG\ WRREWDLQ VLQJOHREMHFWLYH VROXWLRQ /LQDQG
/HH   ,Q WKLVPHWKRGUDQNLQJ LVVHOHFWHGIRURSWLPLVDWLRQUDWKHU WKDQUHDOYDOXHV7KHYDULRXV VWHSV LQ*5$
LQFOXGHV QRUPDOLVDWLRQ RI YDULRXV SURFHVV SDUDPHWHUV IRU FDOFXOWLQJ JUH\ UHODWLRQDO FRHIILFHLQW *5& 7KH*5&
EDVHGRQQRUPDOLVHGGDWDIRUUHSUHVHQWLQJWKHFRUHODWLRQEHWZHHQGHVLUHGDQGDFWXDOH[SHULPHQWDO GDWD LV FDOFXODWHG
7KH PHDQRI*5&RIUHVSHFWLYHUHVSRQVHVLVWDNHQIRUFDOFXOWLQJJUH\UHODWLRQJUDGH*5*ZKLFKUHSUHVHQWVWKH
RYHUDOOSHUIRPDQFHRIWKHSURFHVV 7KHRSWLPDOIDFWRULVKDYLQJWKHKLJKHVW*5*DQGLVWDNHQDVRSWLPDOSDUDPWULF
FRPELQDWLRQ7KHPXOWLREMHFWLYHRSWLPVDWLRQRIWKHRXWSXWUHVSRQVHVLVGRQHLQYDULRXVVWDJHVDVIROORZV
 &DOFXODWLRQRI VLJQDOWR QRLVH61UDWLRV
7KH 61  UDWLRV DUH FDOFXOWHG IRU HDFK RI WKH UHSVRQVHV GHSHQGLQJ RQ PD[LPLVLQJ RUPLQLPLVLQJ FRQGLWLRQV ,Q
SUHVHQW ZRUN055 LV PD[LPLVHG DQG '2& DQG +$= DUH PLQLPL]HG IRU RSWPDO FRQGLWLRQ 6R ODUJHU WKH EHWWHU
FRQGLWLRQLVXVHGIRU055DQGVPDOOHUWKHEHWWHULVXVHGIRU '2& DQG+$= DVIROORZV
)RU055 (TXDWLRQLVXVHGIRUFDOFXODWLRQRI61UDWLR
615DWLR 
7DEOH / 2UWKRJRQDODUUD\ZLWKH[SHULPHQWDOUHVXOWV
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)RU '2& DQG+$= (TXDWLRQ LV XVHGWR61UDWLRFDOFXODWLRQ
615DWLR  
ZKHUH Q QXPEHURIUHSOLFDWLRQV
LM\  REVHUYHGUHVSRQVHYDOXHZKHUH L «QM «N
7KH61 UDWLRYDOXHV REWDLQHG DUH FRQYHUWHG WR QRUPDOLVHG YDOXHV=LM   LM=d d  XVLQJ (TXDWLRQVDQG7KH
QRUPDOLVHGGDWDLVPRUH HYHQO\ GLVWULEXWHGZLWKRXWXQLWVDQGLVXVHGIRUIXUWKHU DQDO\VLV)RU 61UDWLRZLWKODUJHU
WKH EHWWHU W\SH (TXDWLRQ  LV XVHG DQG (TXDWLRQ  IRU VPDOOHU WKHEHWWHU W\SH FDVHV7KH FDOFXODWHG YDOXHV DUH
JLYHQLQ 7DEOH
7KHFDOFXODWHGYDOXHVRI61UDWLRDQG FRUUHVSRQGLQJ QRUPDOLVHGYDOXHDUHJLYHQLQ7DEOH
$ GHYLDWLRQ VHTXHQFH IRU D UHIHUHQFH YDOXH LV FDOFXODWHG IURP WKH QRUPDOLVHG YDOXHV XVLQJ (TXDWLRQ  DQG WKH
REWDLQHGYDOXHVDUHJLYHQLQ7DEOH
*UH\5HODWLRQDO&RHIILFLHQW*5&LVFDOFXODWHGIURPWKHGHYLDWLRQVHTXHQFHXVLQJ (TXDWLRQDVJLYHQ
EHORZDQGLVJLYHQLQ 7DEOH 
7ULDO
1R 615DWLR
1RUPDOL]HG61UDWLR
055 '2& +$= 055 '2& +$=
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:KHUH  RL N' LV WKHGHYLDWLRQ VHTXHQFH DQG 9 LV WKH LGHQWLI\LQJ FRHIILFLHQW DQG LWV YDOXH YDULHV IURP WR 
9DOXH RI  9  LV WDNHQ LQ SUHVHQW VWXG\ 7KH *5* LV FDOFXODWHG IURP *5& E\ WDNLQJ WKH DYHUDJH *5&
FRUUHVSRQGLQJ WR HDFK SHUIRUPDQFH FKDUDFWHULVWLFV *5* LV H[SUHVVHG XVLQJ (TXDWLRQ  DQG REWDLQHG YDOXHV DUH
JLYHQLQ 7DEOH 
$UDQNLQJRUGHU LV REWDLQHGEDVHGRQ WKH *5*YDOXHVDQGVHWZLWKKLJKHVW*5*YDOXH LVFRQVLGHUGDVEHVW
SURFHVVUHSRQVHYDOXH $JUH\UHODWLRQDOJUDSKLVSORWHGEDVHGRQ*5*YDOXH ZLWKUHVSHFWWR SURFHVVSDUDPHWHUVDV
VKRZQLQ)LJ 
7ULDO1R
*UH\UHODWLRQDOFRHIILFLHQW\N
*UH\UHODWLRQDOJUDGH\L 5DQNLQJ
055 '2& +$=
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)URPWKHPDLQHIIHFWSORWJUDSKLWLVIRXQG WKDWWKHRSWLPXPSDUDPHWHUOHYHOLVDWDYROWDJHRI 9FRQFHQWUDWLRQRI
DQGGXW\IDFWRURI KDYLQJPD[LPXP 055 ZLWK ORZHU+$=DQG '2& DQGFRQILUPDWLRQWHVWLVGRQH
IRUWKHVDPH
([SHULPDWDO UHVXOWV
)LJ D VKRZV WKH 6FDQQLQJ (OHFWURQ 0LFURVFRSH 6(0 LPDJH RI RQH RI WKH PDFKLQHG PLFUR KROHV ZLWK
SURFHVVSDUDPHWHUV DWZWRI1D2+ $VYROWDJH LQFUHDVH IURPWR9VLGHVSDUNJHWUHGXFHGVORZO\DVFDQ
EHHQ VHHQLQUHGXFWLRQRI PLFUR FUDFNV RQPDFKLQHGVXUIDFHDW9LQ)LJE :KHQYROWDJHIXUWKHU LQFUHDVHV
+$=JHW LQFUHDVHG GXHWR KLJKHU WHPSHUDWXUHIURPKLJK LQWHUFLW\ VSDUNDVVKRZQLQ)LJ  F6R YROWDJH LQFUHDVH
UHVXOWVLQ FKDQJH IURPVSDUNWRDUFUHVXOWLQJLQ KLJKHU +$=
5DGLXVRIRYHUFXWLV PHDVXUHGXVLQJ6(0LPDJHV DQGSURFHVVHGZLWK 0DWODE FRGLQJ $VVKRZQLQ)LJ VLGH
VSDUNKDVFUHDWHGKHDWDIIHFWHG]RQH+$=DORQJ WKH HQWUDQFH DQGDWH[LWVRI WKHPLFURKROHV 7KURXJK KROHVDUH
SURGXFHG LQ DOO WKUHH FDVHV GXH WR DYDLODELOLW\ RI HOHFWURO\WH DW KLJKHU GHSWK  SURGXFLQJ FRQWLQXRXV VSDUN DQG
FRQGXFWLYLW\RIVLOLFRQZDIHUV+$=DQG '2& DUHIRXQGWREHORZHUDW9DQG')
$VFRQFHQWUDWLRQRIWKH HOHFWURO\WH LQFUHDVHV WR  WKH VLGHVSDUNLVUHGXFHGGXHWRKLJKHUFRQGXFWLYLW\RIWKH
HOHFWURO\WHDQGPLFURFUDFNVRQVXUIDFHJHW UHGXFHGDV VKRZQ LQ)LJ D $VYROWDJH LQFUHDVHV WR9+$= LV
IRXQGWRJHW LQFUHDVHG DVVKRZQLQ)LJE$VWKHFRQFHQWUDWLRQLQFUHDVHVLRQLFGHQVLW\LQFUHDVHVUHVXOWLQJLQPRUH
HWFKLQJ SURGXFLQJPLFURFUDFNV DVVKRZQLQ)LJF
)LJ VKRZVWKH6(0LPDJHRIWKHPDFKLQHGPLFURKROHV DW  ZWRI HOHFWURO\WH$W KLJKHUFRQFHQWUDWLRQPLFUR
FUDFNVDUHPRUHDWORZHUYROWDJHDVVHHQLQ ERWWRPLPDJHLQ )LJ D$VYROWDJH LQFUHDVHV VLGHVSDUNJHWUHGXFHG
JHWWLQJORZHU '2& DQG+$=DVVHHQLQ )LJE 5HFDVWOD\HUIRUPDWLRQLVIRXQGWREHPRUHDWKLJKHU YROWDJH DQG
FRQFHQWUDWLRQDVYLVLEOHLQ)LJF
0LFUR &UDFNV
)LJ6LOLFRQZDIHUPDFKLQHGDW1D2+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)URPWKH GHWDLOHG H[SHULPHQWDO VWXG\LWLVIRXQGWKDWKLJKHUFRQFHQWUDWLRQRIWKHHOHFWURO\WHUHGXFHVWKHVLGHVSDUN
WKHUHE\UHGXFHVWKH '2& DQG+$=$OVRPLFURFUDFNIRUPDWLRQLVPRUHDWKLJKHUFRQFHQWUDWLRQGXHWRKLJKHUOHYHO
FKHPLFDOHWFKLQJ WKHUHE\PDNLQJ WKH VLOLFRQZDIHUPRUH EULWWOH'XW\ )DFWRU ') VHHPV WR JUHDWO\ DIIHFWLQJ WKH
+$=DVORZHU') UHGXFHV+$=VLQFHFRROLQJRI WKH ZRUNSLHFH E\HOHFWURO\WH WDNHV SODFHZKHQWKHVSDUNRQWLPHLV
UHGXFHG 6R +LJKHU FRQFHQWUDWLRQ    ZLWK KLJKHU YROWDJH DW ORZHU ')  ZLOO LQFUHDVHV 055  ZLWK
UHGXFWLRQLQ+$=DQG '2&
0LFUR&UDFNV +$=
)LJ6LOLFRQZDIHUPDFKLQHGDW 1D2+ D9')E9')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 &RQFOXVLRQV
(&'0 SURFHVV LV GRQH RQ VLOLFRQ ZDIHU ZLWK VWDLQOHVV VWHHO ZLUH WRRO RI GLDPWHU P ZLWK 1D2+ DV
HOHFWURO\WH 0LFUR KROHV DUH PDFKLQHG ZLWK YROWDJH FRQFHQWUDWLRQ RI HOHFWURO\WH DQG GXW\ IDFWRU DV SURFHVV
SDUDPHWHUV055 '2& DQG+$= DUH WDNHQ RXWSXW UHVSRQVHV RI WKH SURFHVV 0DLQ FRQWULEXWLRQ LQ SUHVHQW ZRUN
LQFOXGHV
x $QLQKRXVHEXLOWSURWRW\SHPRGHORI(&'0ZDV GHYHORSHGZLWKPLFUROLQHDUDFWXDWRUVDQG;<VFDQQLQJGHYLFH
WR PDFKLQH PLFUR KROH LQ VLOLFRQZDIHU
x 'HVLJQRIH[SHULPHQWVWRSHUIRUPWKHH[SHULPHQWVZKLFKDUHRSWLPLVHGXVLQJPXOWLREMHFWLYHRSWLVDWLRQRI*5$
DQGUHVXOWV FKDUDFWHULVDWLRQ XVLQJ6(0LPDJHV
x 055 GHSHQGVRQDSSOLHG YROWDJHKLJKHUWKHYROWJHKLJKHUWKH055
x ,Q RUGHU WR UHGXFH '2& DQG +$= YROWDJH VKRXOG EH DW RSWLPXP DURXQG  9 DQG HOHFWURO\WH FRQFHQWUDWLRQ
VKRXOGEHZLWKORZHU')RI7KLVZLOOUHGXFHWKHVLGHVSDUNIRUPDWLRQWKHUHE\UHGXFH+$=
x 0LFURFUDFNDUHDOVR UHGXFHG E\UHGXFLQJWKH')
5HIHUHQFHV
%DVDN DQG *KRVK $  0HFKDQLVP RI VSDUN JHQHUDWLRQ GXULQJ HOHFWURFKHPLFDO GLVFKDUJH PDFKLQLQJ D WKHRUHWLFDO PRGHO DQG
H[SHULPHQWDOYHULILFDWLRQ-RXUQDORI0DWHULDO3URFHVVLQJ7HFKQRORJ\±
%KDWWDFKDU\\D%'RORL%1 DQG 6RUNKHO 6.  ([SHULPHQWDO LQYHVWLJDWLRQV LQWR HOHFWURFKHPLFDO GLVFKDUJHPDFKLQLQJ (&'0 RI
QRQFRQGXFWLYHFHUDPLFPDWHULDOV-RXUQDORI0DWHULDO3URFHVVLQJ7HFKQRORJ\±
&DR;'.LP %+DQG &KX&10LFURVWUXFWXULQJRIJODVVZLWK IHDWXUHV OHVV WKDQPLFURPHWHUE\HOHFWURFKHPLFDOGLVFKDUJH
PDFKLQLQJ3UHFLVLRQ(QJLQHHULQJ
'HQJ-/,QWURGXFWLRQWR*UH\V\VWHPV-RXUQDORIJUH\V\VWHPV
)DVFLR9/DQJHQ ++ %OHXOHU+ DQG&RPQLQHOOLV &  ,QYHVWLJDWLRQVRI WKH VSDUN DVVLVWHGFKHPLFDO HQJUDYLQJ(OHFWURFKHPLVWU\
&RPPXQLFDWLRQV  ±
)DVFLR 9:WKULFK  5 DQG %OHXOHU +  6SDUN DVVLVWHG FKHPLFDO HQJUDYLQJ LQ WKH OLJKW RI HOHFWURFKHPLVWU\ (OHFWURFKLPLFD $FWD
±
.XONDUQL$6KDUDQ5DQG/DO*. D0HDVXUHPHQW RI WHPSHUDWXUH WUDQVLHQWV LQ WKHHOHFWURFKHPLFDOGLVFKDUJHPDFKLQLQJSURFHVV
$,3 &RQI3URF 
.XONDUQL $ 6KDUDQ 5 DQG  /DO *. E $Q H[SHULPHQWDO VWXG\ RI GLVFKDUJH PHFKDQLVP LQ HOHFWURFKHPLFDO GLVFKDUJH PDFKLQLQJ
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